The objective of the current study was to develop and validate a reversedphase high-performance liquid chromatographic method for the quantitative determination of process-related impurities and degradation products of rabeprazole sodium in pharmaceutical formulation. Chromatographic separation was achieved on the Waters Symmetry Shield RP18 (250 mm x 4.6 mm) 5 µm column with a mobile phase containing a gradient mixture of solvent A (mixture of 0.025 M KH 2 PO 4 buffer and 0.1% triethylamine in water, pH 6.4 and acetonitrile in the ratio of 90:10 v/v, respectively) and solvent B (mixture of acetonitrile and water in the ratio of 90:10 v/v, respectively). The mobile phase was delivered at a flow rate of 1.0 mL/min and with UV detection at 280 nm. Rabeprazole sodium was subjected to the stress conditions of oxidative, acid, base, hydrolytic, thermal, and photolytic degradation. Rabeprazole sodium was found to degrade significantly under acid hydrolysis, base hydrolysis, oxidative, and thermal degradation conditions. The degradation products were wellresolved from the main peak and its impurities, thus proving the stabilityindicating power of the method. The mass balance was found to be in the range of 97.3-101.3% in all of the stressed conditions, thus proving the stabilityindicating power of the method. The developed method was validated as per ICH guidelines with respect to specificity, linearity, limit of detection, limit of quantification, accuracy, precision, and robustness.
Introduction
The aim of the present study was to establish the inherent stability of rabeprazole sodium through stress studies under a variety of International Conference on Harmonization (ICH) recommended stress conditions. Rabeprazole sodium, 2-({[4-(3-methoxypropoxy)-3-methylpyridin-2-yl]methyl}sulfinyl)benzimidazole sodium salt (Figure 1) , is a proton pump inhibitor which inhibits the action of H + -K + ATPase in gastric parietal cells and is used for the treatment of peptic ulcers [1] [2] [3] .
In the literature, there are few liquid chromatography (LC) methods previously reported for the determination of rabeprazole sodium in pharmaceutical preparation. Few liquid chromatography mass spectroscopy (LC-MS) methods were reported for the estimation of rabeprazole in biological fluids [4, 5] . The assay method [6] [7] [8] reported describes the quantification of rabeprazole sodium only, but it was out of scope because it did not separate and determine the impurities. A reversed-phase liquid chromatography (RP-LC) method is reported for the estimation of intermediates of rabeprazole sodium [9] . Also, the identification and characterization of new impurities and degradation products of rabeprazole sodium has been reported [10] [11] [12] [13] [14] . Rabeprazole sodium is not official in any major pharmacopoeia such as the United States Pharmacopoeia (USP), European Pharmacopoeia (EP), and British Pharmacopoeia (BP). Only one high-performance liquid chromatography (HPLC) method [15] is reported for the estimation of impurities present in the active pharmaceutical ingredient, rabeprazole sodium. The forced degradation study was not performed with a systematic approach in the above method. The objective of the stress testing is to anticipate the behavior of the drug product under the stability study. Forced degradation studies are essential to establish the stability-indicating power of the method. The reported paper claims that rabeprazole is stable under base hydrolysis and thermal stress conditions, while rabeprazole degrades significantly under these stress conditions. Subjecting the drug product samples to forced degradation is necessary to generate all possible degradation products that are used to demonstrate the specificity and selectivity of the method. Besides the reported known impurities in this method, we have observed two potential impurities during the forced degradation study of the drug product. Thus to the best of our present knowledge, no stability-indicating HPLC method has been reported for the estimation of all seven impurities of rabeprazole sodium in pharmaceutical formulation. Hence, we have developed a simple, reproducible stability-indicating reversed-phase HPLC method that can separate and determine the seven impurities of rabeprazole sodium, namely Imp-1, Imp-2, Imp-3, Imp-4, Imp-5, Imp-6, and Imp-7 ( Figure 1 ). The developed LC method was validated with respect to specificity, limit of detection, limit of quantification, linearity, precision, accuracy, and robustness. Force degradation studies were performed on the placebo and drug products to show the stability-indicating nature of the method. These studies were performed in accordance with established International Conference for Harmonization (ICH) guidelines [16] [17] [18] . 
Results and Discussion

Development and Optimization of the Stability-Indicating Method
The main objective of the chromatographic method was to separate all known impurities and degradation products from each other and the rabeprazole peak formed under various stress conditions. The blend containing 500 µg/mL of rabeprazole sodium and 1.5 µg/mL of each of the seven impurities, prepared in diluent, was used for separation. All the impurities of rabeprazole sodium were subjected to separation by reversed-phase HPLC on a Waters Symmetry Shield RP18, 250 mm x 4.6 mm, 5 µm column with pH 3.0, 0.025 M potassium dihydrogen ortho-phosphate buffer as solvent A and water:acetonitrile in a 10:90 ratio as solvent B. The two compounds viz., rabeprazole sodium and Imp-3 were merged together and the peak tailing for rabeprazole was more than 2.0. To increase the resolution and reduce the peak tailing, solvent A was modified to a mixture of 0.025 M KH 2 PO 4 buffer and 0.1% triethylamine in water, pH 6.4, and acetonitrile in the ratio of 90:10 v/v and the gradient program was optimized. The final chromatographic conditions are described under the "Chromatographic Conditions" section. Using the optimized conditions, all impurities and degradation products were well-separated from each other and rabeprazole and; the typical relative retention times for Imp-1, Imp-2, Imp-3, Imp-4, Imp-5, Imp-6, and Imp-7 were about 0.71, 0.85, 1.05, 1.12, 1.45, 0.18, and 0.53, respectively. The developed method was found to be specific for the determination for all seven impurities of rabeprazole sodium.
Method Validation
The proposed method was validated as per ICH guidelines [17, 18] . The following validation characteristics were addressed: specificity, accuracy, precision, limit of detection and quantification, linearity, range, and robustness.
System Suitability
System suitability was determined before sample analysis from a single injection of system suitability solution and duplicate injections of the standard solution containing 1.6 µg/mL rabeprazole sodium. The acceptance criteria were a USP tailing factor less than 2.0 and an area similarity ratio between 0.9 to 1.1 for the rabeprazole peak from duplicate injections of the standard and from the system suitability solution, where resolution should be a minimum of 1.5 between rabeprazole and Imp-3 peaks. All critical parameters tested met the acceptance criteria (Table 1) . 
Tab. 1. System suitability test results
Parameters
Specificity
Specificity is the ability of the method to measure the analyte response in the presence of its potential impurities and excipients. Placebo interference was evaluated by analyzing the placebo prepared as per test method. There was no interference due to the placebo and sample diluent at the retention time of rabeprazole and its impurities ( Figure 2 ).
Fig. 2.
Typical chromatogram of the placebo.
Forced Degradation Studies
Forced degradation studies were performed at a 500 µg/mL concentration of rabeprazole sodium in tablet form to provide an indication of the stability-indicating property and specificity of the proposed method. All forced degradation samples were analyzed using a PDA detector to ensure the homogeneity and purity of the rabeprazole peak. All known impurities and unknown degradation products were well-separated under all of the forced degradation conditions employed, and the purity angle was found to be less than the purity threshold for the rabeprazole peak. Apart from the peaks' homogeneity, the PDA spectrum for all of the related impurities and rabeprazole were compared against their standard spectrums. Identification of the impurities and rabeprazole was performed by comparing their PDA spectrums, purity plots, and their relative retention times (RRT) along with those of the standard and were found to be matching. The mass balance (%assay + % sum of all degradants + % sum of all impurities) results were calculated for all degradation samples and found to be more than 97.3% (Table 2 ). All the solutions used in the forced degradation studies were prepared by dissolving the drug product in a small volume of stressing agents. After degradation, these solutions were diluted with diluent to yield the stated rabeprazole sodium concentration of about 500 µg/mL. Conditions employed for performing the stress studies and the degradation behavior were as follows [16] [17] [18] :
Acid Degradation
Tablet powder equivalent to 25 mg of rabeprazole sodium was transferred into a 50 mL volumetric flask, then 10 mL of diluent and 3 mL of 0.1 M HCl were added and mixed to dissolve the content completely. The flask was placed at 60°C in a water bath for 45 min. After 45 min, the flask was removed and placed on the benchtop to attain the laboratory temperature. To neutralize the sample, 3 mL of 0.1 M NaOH was added and made up to the volume with diluent and mixed well. The drug was found to be unstable under the aforementioned degradation conditions. The major impurity in the study was found to be Imp-5 (1.23%) with 2.06% as the maximum unknown degradant at an RRT of about 0.75 and total impurities of about 6.52% ( Figure 3 ).
Base Degradation
Tablet powder equivalent to 25 mg of rabeprazole sodium was transferred into a 50 mL volumetric flask, then 10 mL of diluent and 5 mL of 0.5 M NaOH were added and mixed to dissolve the content completely. The flask was placed at 60°C in a water bath for 2 h. After 2 h, the flask was removed and placed on the benchtop to attain the laboratory temperature. To neutralize the sample, 5 mL of 0.5 M HCl was added and made up to the volume with diluent and mixed well. The drug was found to be very unstable under these stress conditions. The major degradants in the study were found to be Imp-5 (2.41%) with the maximum unknown degradant (4.61%) at an RRT of about 0.75 and total impurities of about 12.01% ( Figure 4 ).
Water Degradation
Tablet powder equivalent to 25 mg of rabeprazole sodium was transferred into a 50 mL volumetric flask, then 10 mL of diluent and 10 mL of water were added and mixed to dissolve the content completely. The flask was placed at 60°C in a water bath for 3 h. After 3 h, the flask was removed and placed on the benchtop to attain the laboratory temperature and made up to the volume with diluent and mixed well. The drug degraded significantly under hydrolytic conditions. The major degradants in the study were found to be Imp-6 (2.01%) and an unknown degradant (0.27%) at an RRT of about 0.75 with total impurities of about 4.07% ( Figure 5 ).
Oxidation Degradation
Tablet powder equivalent to 25 mg of rabeprazole sodium was transferred into a 50 mL volumetric flask, then 10 mL of diluent and 3 mL of 1% hydrogen peroxide were added and mixed to dissolve the content completely. The flask was placed at laboratory temperature for 30 min. After 30 min, the flask was made up to the volume with diluent and mixed well. The drug was found to be more labile to oxidative stress conditions. The major impurity in the study was found to be Imp-4 (3.27%) with 1.07% as the maximum unknown degradant at an RRT of about 0.20 and total impurities of about 8.50% ( Figure 6 ).
Thermal Degradation
To study the effects of temperature, an equivalent to 25 mg of rabeprazole sodium tablet powder was stored in a hot air oven at 105°C for 18 h. After 18 h, the sample was removed and placed on the benchtop to attain the laboratory temperature, dissolved in 35 mL of diluent, and diluted to 50 mL with diluent. Significant degradation was observed under the thermal stress studies. The major degradants in the study were found to be Imp-7 (0.52%) and an unknown degradant (1.63%) at an RRT of about 2.08 with total impurities of about 5.33% (Figure 7 ).
Humidity Degradation
A saturated solution of potassium sulfate was prepared and placed in a dry glass desiccator at 25°C which produced about 85-90% of relative humidity. To obtain the effect of humidity on rabeprazole, a volumetric flask containing the sample (tablet powder equivalent to 25 mg of rabeprazole sodium) was kept in the aforementioned glass desiccator at 25°C/90% RH, and the sample was analyzed after seven days as described earlier under the "Test Preparation" section. The rabeprazole sample was quite stable under the humid conditions that were employed during the study. The sample showed no major degradation under the humidity conditions.
Photolytic Degradation
Susceptibility of the drug product to light was studied [17] . Rabeprazole sodium delayed release tablets for photostability testing were placed in a photostability chamber and exposed to a white florescent lamp with an overall illumination of 1.2 million lux hours and near UV radiation with an overall illumination of 200 watt/m 2 /h at 25°C. Following the removal from the photostability chamber, the sample was prepared for analysis as previously described under the "Sample Preparation" section. Rabperazole was found to be highly stable under light exposure. No major degradant was observed in the sample exposed to both UV and visible light. a MUSI = Maximum un-specified impurity; ND = Not detected.
Precision
The precision of the method was verified by repeatability and intermediate precision.
Repeatability was checked by injecting six individual preparations of rabeprazole sodium samples spiked with its seven impurities (0.2% of each impurity with respect to 500 µg/mL rabeprazole sodium). The intermediate precision of the method was also evaluated using different analysts and different instruments and performing the analysis on different days. The % RSD for the area of Imp-1, Imp-2, Imp-3, Imp-4, Imp-5, Imp-6, and Imp-7 in the repeatability study was within 4.7% and during the intermediate precision study was within 4.1%, confirming good precision of the method. The % RSD values are presented in Table 3 .
Limits of Detection and Quantification
The LOD and LOQ for all impurities were determined at a signal-to-noise ratio of 3:1 and 10:1, respectively, by injecting a series of dilute solutions with known concentrations. The precision study was also carried out at the LOQ level by injecting six individual preparations and calculating the %RSD of the area for each analyte. The limit of detection, limit of quantification, and precision at the LOQ values for all seven impurities of rabeprazole sodium are reported in Table 3 .
Linearity
Linearity test solutions were prepared by diluting impurity stock solutions to the required concentrations. The solutions were prepared at six concentration levels from the LOQ to 200% of the specification level (ie. LOQ, 0.25, 0.50, 1.00, 1.50, and 2.00 µg/mL). The calibration curves were plotted between the responses of the peaks versus the analyte concentrations. The correlation coefficient obtained was greater than 0.998 (Table 3 ). The above result shows that an excellent correlation existed between the peak area and the concentration of Imp-1, Imp-2, Imp-3, Imp-4, Imp-5, Imp-6, and Imp-7. 
Tab. 3. Linearity and precision data
Accuracy
To determine the accuracy of the method, recovery experiments were conducted on the real sample by spiking the impurity blend solution. The study was carried out in triplicate using four concentration levels at the LOQ, 0.50, 1.00, and 1.50 µg/mL. The percentage recovery of impurities in the rabeprazole sample varied from 92.0 to 109.1%. The LC chromatogram of the spiked sample at the 0.2% level for all seven impurities in the rabeprazole sodium tablet sample is shown in Figure 8 . The mean % recovery value of each impurity was obtained in the range of 92.0-109.1% which proves that the method is accurate. The % recovery values for the rabeprazole impurities are presented in Table 4 . 
Robustness
To determine the robustness of the developed method, experimental conditions were deliberately altered and the resolution between rabeprazole and Imp-3, and system suitability parameters for the rabeprazole sodium standard were recorded. The variables evaluated in the study were the pH of the mobile phase buffer (± 0.2), column temperature (± 5°C), flow rate (± 0.2 mL/min), and % organic in the mobile phase (± 10%). In all of the deliberately varied chromatographic conditions, all analytes were adequately resolved and the elution order remained unchanged. The resolution between the critical pair of rabeprazole and Imp-3 was greater than 2.0 and the tailing factor for the rabeprazole peak from standard solution was less than 1.0 and the rabeprazole peak area ratio was within 0.9 to 1.1 (Table 5) .
Tab. 5.
Robustness results of HPLC method
Variation in chromatographic condition
Observed system suitability parameters Standard area ratio ≥0.9 and ≤1.1 
USP
Sample and Standard Solution Stability
The stability of rabeprazole and its impurities in solution was determined by leaving the test solutions of the sample and working standard in tightly capped volumetric flasks at room temperature for 48 h and measuring the amount of the seven impurities at 24 h intervals for 48 h. The variability in the estimation of all seven rabeprazole impurities was within ± 10% during the solution stability experiment. The results from the solution stability experiment confirmed that the standard solution and sample solutions were stable up to 48 h and 24 h, respectively.
Experimental
Chemicals and Reagents
The certified rabeprazole sodium working standard, tablets, and its impurities, namely Imp-1, Imp-2, Imp-3, Imp-4, Imp-5, Imp-6, and Imp-7 were supplied by Dr. Reddy's Laboratories Limited, Hyderabad, India. The HPLC grade acetonitrile, analytical grade KH 2 PO 4 , triethylamine, and ortho-phosphoric acid were purchased from Merck, Mumbai, India. High-purity water was prepared by using the Milli-Q Plus water purification system (Millipore, Milforde, MA, USA).
Instrumentation
The chromatography analysis was performed using the Waters Alliance 2695 separation module (Waters Corporation, Milford, USA) equipped with a 2489 UV/visible detector or a 2998 PDA detector (for the specificity and forced degradation studies), degasser, quaternary pump, and an autosampler system. The output signals were monitored and processed using Empower 2 software. A Cintex digital water bath was used for the hydrolysis studies. Photostability studies were carried out in a photostability chamber (Sanyo, Leicestershire, UK). Thermal stability studies were performed in a dry air oven (Cintex, Mumbai, India). The pH of the solutions was measured by a pH meter (MettlerToledo, Switzerland).
Chromatographic Conditions
The method was developed using the Waters Symmetry Shield RP18 (250 mm x 4.6 mm) 
Preparation of Standard Solution
Diluent was prepared by mixing methanol, Milli-Q water and diethylamine in the ratio of 80:20:0.1 v/v/v, respectively. A stock solution of rabeprazole sodium (0.4 mg/mL) was prepared by dissolving an appropriate amount of drug in the diluent. A working solution of 1.6 µg/mL was prepared from the above stock solution for the determination of related substances.
Preparation of System Suitability Solution
A mixture of rabeprazole sodium (530 µg/mL) and all seven impurities (each 1.5 µg/mL) was prepared by dissolving an appropriate amount in diluent.
Preparation of Sample Solution
Tablet powder equivalent to 25 mg rabeprazole sodium was dissolved in diluent with sonication for 30 min and diluted to give a solution containing 500 µg/mL of the drug. This solution was centrifuged at 4000 rpm for 10 min and filtered through 0.45 µm nylon membrane filter.
Conclusions
The rapid gradient RP-HPLC method developed for the quantitative analysis of related substances of rabeprazole sodium in pharmaceutical dosage form is precise, accurate, linear, robust, and specific. Satisfactory results were obtained from the validation of the method. The method is stability-indicating and can be used for the routine analysis of production samples and to check the stability of the rabeprazole sodium tablets.
